%e present the detailed results of self-consistent and geometry-optimized total-energy, bandstructure, and charge-density calculations for a potassium-covered Si(001)-(2X1) surface, and for an unsupported potassium monolayer. %e found that the (2X1) reconstruction and the dimer bonds of the Si surface continue to be stable after the adsorption of alkali-metal atoms. At the monolayer coverage the charge from the adsorbed potassium atoms is transferred into the empty, antibonding dangling-bond surface states, resulting in the metallization of the Si(001) substrate surface. The bonding between the overlayer and the substrate surface is ionic, and the Fermi level is pinned by the partially 611ed silicon surface states. Our theory for the metallization and the surface collective excitations is diferent from previous ones developed for an alkali-metal overlayer on a metal substrate which suggest that the system undergoes a Mott transition, and can successfully account for recent experimental observations. The presence of the active dangling-bond states prevents the alkali-metal monolayer from meiallization, and thus provides the crucial dil'erence between metal and semiconductor substrates.
have been postulated for the pinning mechanism at submonolayer coverage.
Batra and Ciraci' suggested coveragedependent effects after studying a prototype, latticematched metal-semiconductor interface ' [i.e., Al on a Ge(001) surface] from submonolayer to multilayer coverages. At submonolayer coverage they found that the chemisorption bond states and Al-atom states dominate the energy spectrum near the band-gap region, and are responsible for the pinning of the Fermi level. Above the monolayer coverage they showed, however, that owing to the interaction among deposited Al atoms the overlayer changes into a (quasi-) two-dimensional (2D) metal characterized by a (modulated) ladder-type density of states. ' ' Concomitantly, the metallic overlayer relaxes outwards away from the semiconductor surface, and the metal-semiconductor bonds are delocalized.
For those semiconductors which have active surface states the metallization of the overlayer must compete with the formation of metal-semiconductor bonds. ' In fact, depending on the relative value of the metallic cohesive energy and the metal-substrate interaction energy the overlayer metallization may be suppressed altogether. In this respect, the adsorption of alkali met-al atoms on metal and semiconductor surfaces is rather special, and presents very interesting conceptual ideas about bonding, metallization, and collective excitations.
Alkali-metal atoms are usually characterized by a single electron of large atomic radius. In the metallic state,
the structure is open, and the charge density is featureless and low as compared to other divalent and trivalent close-packed metals. ' In band-structure language the conduction band can be described by a nearly-free- Fig. 3(a) . The lowest band is formed from the 4s-valence orbital, and thus has an s symmetry. The dispersion of this band is large along the chain direction (~~k"} but small in the directions perpendicular to the chain (~~k"), so that the ratio of the effective masses m"'/rrt ' =6. This implies that the alkali-metal overlayer would display a 1D metallic character if it underwent a metal-insulator transition. However, as we shaB see later, this does not happen. The dimensionality of the upper p-like bands is not as obvious as of the lowest s-like band.
The energy bands of the K-covered Si are shown in Fig. 3(b) . It is seen that upon adsorption the metallic bands of the K monolayer are almost totally discarded, and perhaps are merged in the conduction band of the substrate. Two bands in the gap, labeled D& and D2, originate from the dangling bonds of the reconstructed Si(001) surface. In Fig. 3 The resonance state 8 in the conduction band has a surface localization and an antibonding character. Figure 6 iBustrates the same states after the adsorption of potassium. It is seen that except for slight polarization and changes in the value of charge maxima the danglingbond character of D, and D2 is unaltered. However, no charge accumulation is observed in the proximity of the potassium atom; this would be suggestive of the significant contribution of the alkali-metal atoms, or the retransfer of charge upon the metallization of the overlayer. The changes in the character of the empty resonance state owing to the contribution of the K atom are, on the other hand, observable [see Fig. 6(c) ]. While the density between the surface and the subsurface layers recedes, the vacuum region above the alkali-metal overlayer gains some charge. The contour plots of R in Fig.  6(c) give an impression about the formation of the charge density of a state having some origin from the overlayer. Note that the clean surface has also a resonance state about 2 eV above the Fermi level. This state prevails in the presence of the overlayer, except that its energy shifts slightly.
The contour plots of the total (valence) charge density in a horizontal plane 2.4 a.u. above the surface (which corresponds to the plane of the overlayer with the equilibrium d~s; z~--4.9 a.u. found in our study) are shown in Fig. 7 for the clean and K-covered surfaces. Their shape with two maxima, and their location with respect to the surface Si atoms, indicate that the charge density above the surface is peculiar to the substrate surface.
The characteristic shape of the contours prevails even far above the overlayer. The charge density of the unsupported K monolayer, which is indicative of how the charge with s symmetry would be distributed upon the metallization of the overlayer, is distinctively diN'erent and has a single maximum (see Fig. 8 ). A similar comparison can be made in Fig. 9 , where the charge-density contour plots in a vertical plane passing through the dimer bond are shown. The pronounced el'ect of the adsorption is the increase of the density of contours around surface silicon atoms, but again no charge is seen above the alkali-metal overlayer.
A pictorial manifestation of the fact that the partially fiilled gap states are only the antibonding dangling-bond states is exhibited in Fig. 10 . The vertical plane chosen passes through the potassium and its two nearestneighbor surface Si atoms. Figure 10( Fig. 10(b In order to explore the character of the empty bands, the K-covered Si(001}-(2X1)surface has been recently studied by using angle-resolved inverse-photoemission spectroscopy.
At These results indicate that the valence electrons of the K atoms are donated to fill the empty surface states leading to the metallization of the Si surface. In contrast, alkali-metal atoms adsorbed on transition-metal surfaces regain their charge at saturation coverage, and become metallized. This is shown by the variation of the work function, which passes through a minimum, and increases towards a saturation value corresponding to the work function of the alkali metal. Here the presence of the active dangling-bond states provides the crucial difference between a metal and a semiconductor surface at monolayer coverage. In the present system the metal-insulator transition takes place through the metallization of the semiconductor surface, but not through a Mott-type transition. Stated difFerently, metallic bands do not form on the K monolayer adsorbed on the Si(001} surface.
The attractive Coulomb interaction between the positively charged core and the surrounding electron density of the dangling bonds is responsible for the strong binding. Such an interpretation is also supported by the total-energy calculations. In the course of structure optimization, the valence electrons of K were already transferred to the surface even at a large distance (h =5.1 a.u. ). As h decreases, the Coulomb energy predominates over other components of the total energy, and pulls the ion to the equilibrium position. Strong ion-ion repulsion (represented by the ionic pseudopotential), however, prevents it from entering into the substrate.
Since the adsorbed alkali-metal atom donates its valence electron to the Si surface band, and eventually becomes positively charged, the 3p-core shift and the decrease of the work function are easily understandable.
The rapid decrease of work function at 8 &g1 may imply a relatively larger adatom-surface distance at the initial stage of coverage. As the coverage increases more charge builds up on the surface and, consequently, higher attractive forces act on the adatom to pull it closer to the surface. Toward saturation coverage, the adatom-surface distance becomes smaller and results in an effective core screening. The local density of states above a horizontal plane bisecting the erst and second Si layers yields 8.9 electrons per surface unit cell (slightly fewer than nine electrons). In this region the surface electrons can provide a screening of the K core potential comparable to that of the bulk metal. This picture is consistent with the decrease of the work function at a lower rate near saturation coverage. At this point we comment upon recent experimental work by Gelling and Miranda, revealing for the first time the multilayer coverage of K on the Si(001) surface. In contrast to previous data, ' they observed that the work function also passes through a minimum at 8=1. ' At low coverage a broad and weak loss peak at 4 eV could not be identified clearly because of the strong bulk transitions. However, the intensity of the energyloss peak increases sharply for 8~0.6, and is stabilized in energy near 2 eV. Tochihara ' 
